A Monte Carlo simulation study to evaluate the benefits of marker assisted selection (MAS) in small populations with one marked bi-allelic quantitative trait locus (QTL) is described. In the base generation, linkage phase equilibrium between the markers, QTL and polygenes was assumed and frequencies of 0-5 for the two QTL alleles were used. Six discrete generations of selection for a single character measured on both sexes followed. An additive genetic model was used with the QTL positioned midway between two highly polymorphic markers. Schemes were simulated with a distance of 10 cM between the QTL and either of the two markers and with the QTL explaining 1/8 of the total genetic variance in the base generation. Values of 0-5, 0-25 or 01 were assumed for the heritability. Eight males and 16, 32 or 64 females were selected each generation with each dam producing four sons and four daughters as candidates for the next generation. Animals were evaluated with a conventional BLUP animal model or with a model using marker information. MAS resulted in substantially higher QTL responses (4-54 %), especially with low heritabilities, than conventional BLUP but lower polygenic responses (up to 4%) so that the overall effect on the total genetic response, although in the majority of cases favourable, was relatively small. With QTLs of larger size (explaining 25 % of the genetic variance) comparable results were found. When the distance between the QTL and the markers was reduced to 2 cM, genetic responses were increased very slightly with a heritability of 0-5 whereas with a heritability of 01 responses were increased by up to 10%, compared with conventional BLUP. Results emphasize that MAS should be most useful for lowly heritable traits and that once QTLs for such traits have been identified the search for closely linked polymorphic markers should be intensified.
Introduction
The rapid progress made in developing genetic linkage maps of polymorphic molecular markers in domestic animal species (see e.g. Bishop et al. 1994; Rohrer et al. 1994) has made it possible for the first time to begin the systematic search for individual loci affecting quantitative traits (QTLs) of economic importance. To summarize, this is done by recording animals for the character of interest; typing them for polymorphic markers of known chromosomal location; testing for statistical associations between marker alleles and phenotypic score and, if associations are found, inferring the presence of polymorphic QTLs adjacent to the marker loci (e.g. Paterson et al. 1988; Andersson et al. 1994 ).
* Corresponding author.
The physical linkage between polymorphic markers and QTLs and the potential linkage disequilibrium (LD) between marker and QTL alleles that this generates can be used for Marker Assisted Selection (MAS) in three different situations. Firstly, where the aim is to transfer only a single gene from a 'donor' to a 'recipient' population, MAS can be used to accelerate recovery of the recipient genome (Hospital et al. 1992) . In the second situation, more relevant to plant than animal breeding, the crossing of two divergent populations or inbred lines creates LD in the hybrid population which, at least in the early generations, can be successfully exploited for genetic improvement (Lande & Thompson, 1990; Zhang & Smith, 1992; Gimelfarb & Lande, 1994) . In the third situation, which is examined here, the population of interest is outbred and LD created within families is exploited despite the fact that, at a population level, the markers and QTLs are in equilibrium (Soller, 1978) . Thus, a certain marker allele may co-segregate with a favourable QTL allele in one family and with an unfavourable allele in a different family.
The aim of the present study is to examine the potential impact of MAS, under conditions which we consider should be favourable for the success of MAS, in a nucleus breeding scheme with several generations of directional single-trait selection. A single QTL is flanked by two highly polymorphic markers and both sexes are recorded. Each selected female produces eight offspring for selection in the next generation. In practical terms, the schemes may represent beef cattle (with the use of embryo transfer) or pig improvement programmes.
The value of MAS is evaluated in relatively small closed populations. Since the costs of applying molecular genetics are relatively expensive, it is considered that full implementation of MAS, i.e. with all selection candidates of both sexes typed, is likely to occur within centralized nucleus rather than dispersed field testing breeding programmes.
The genetic model assumes a single marked QTL and a large number of unmarked polygenes. This could correspond to the practical situation where statistical detection is considered certain for only a single QTL or where, due to the slow uptake of new technologies, only the largest QTL is considered in the breeding programme. Its simplicity as a basic model to investigate MAS is also appealing.
Recent studies of MAS in animal breeding have tended to focus on the use of multiple regression of phenotype on markers as a global method to identify markers linked to QTLs; to estimate marker effects and to evaluate candidates for selection based on their marker genotypes (Meuwissen & Van Arendonk, 1992; Zhang & Smith, 1992; Gimelfarb & Lande, 1994) . The number of marker loci typed and the number of QTLs detected and used for selection purposes can thus be very large. Here, the perspective is quite different in that we assume that a single QTL of known variance and mode of action has been identified, which is flanked by two polymorphic markers and that the recombination rate between the QTL and the markers is known.
The merits of MAS are measured by evaluating candidates for selection over several generations using the model of Fernando & Grossman (1989) . This allows marker information to be used in an animal model with Best Linear Unbiased Prediction (BLUP) of breeding values. Comparison is made with a classical BLUP animal model ignoring marker data. Following Goddard (1992) , we extend the single marker model of Fernando & Grossman (1989) to the situation of two flanking markers but we allow for the further possibility of double crossing over within the marker bracket. Calculation of the probability of origin of QTL alleles, a key element of the model, is extended, using a relatively simple approximation, to the situation where uncertainty exists concerning the transmission of marker alleles from parents to offspring.
Materials and methods
Six discrete generations of single character selection in a closed population are simulated. Founder animals are chosen at random from a base population in linkage equilibrium at generation 0. A hierarchical mating design is used to produce selection candidates at generation 1 that are evaluated with either the BLUP animal model or the model of Fernando & Grossman (1989) . Animals are then selected and mated at random to produce the candidates for selection at generation 2. This continues until the last cycle of selection, at generation 6. The number of sires and dams selected each generation is constant, including the base generation. Family sizes are fixed and each selected female has four sons and four daughters.
The QTL simulated is bi-allelic and both markers are highly polymorphic, each marker allele being present only once among the founders.
(i) Founders B unrelated animals are chosen at random to be founders from a base population in which the markers, QTL and polygenes are in linkage phase equilibrium and in which the QTL alleles are present at an initial frequency of 0-5. The variances due to a single QTL allele (a-2 ) and to the QTL (2cr 2 ) in the base generation are thus 0-25 a 2 and 0-5 a 2 respectively, where a represents the average effect of the gene substitution (Falconer, 1989) . The values of the favourable A allele and unfavourable B allele are a/2 and -a/2 respectively. An additive genetic model is assumed. The genotype (g) of a founder / is simulated by where v (1 and v i2 are the QTL allelic effects, chosen at random with a 50 % probability of an allele being A or B, and where u t represents the polygenic effect, drawn at random from a normal distribution with mean 0 and variance <r\. Phenotypes (p) are generated by where e ( represents an environmental effect drawn at random from a normal distribution with mean 0 and variance a-2 . For simplicity, the only fixed effect considered was the mean.
For the B founders it is assumed that there are 2B unique marker alleles each at the M and N marker loci flanking the QTL and that the phase of the markers is known. Thus, at the marker loci all founders are double heterozygotes and have maximum poly-morphism. To measure inbreeding at the QTL, founder QTL alleles are each given a unique identification number.
(ii) Non-founders Marker and QTL alleles were transmitted from parents to offspring in classical Mendelian fashion, allowing for recombination. Recombination is modelled using Haldane's (1919) function which converts map distances to recombination rates on the assumption that crossing over between M and the QTL and between the QTL and N occur independently. The QTL is assumed to be located midway between the markers. All individuals are typed.
(iii) Evaluation models
For both models, animals of both sexes and of all generations produce phenotypes. Equations to calculate the random and fixed effects of each model are solved iteratively following Schaeffer & Kennedy (1986) .
( Following Haldane (1919) , the recombination rate (r) between the QTL and either of the two markers, as a function of the map distance (x) between them is derived by
).
The values of Of depend on (a) whether the sire s has heterozygous or homozygous marker loci and (b) Of gives the probability that the offspring / has received Q™ from its sire. The QTL is situated midway between the two markers and r represents the recombination rate between the QTL and either of the two marker loci M and N. the marker alleles transmitted to the offspring i. This is demonstrated in Table 1 . Although to avoid repetition we consider only Of and the sire-offspring pathway, it must be remembered that values of Of for the dam-offspring pathway are calculated in a similar fashion.
Calculation of Of and Of is complicated by the fact that even though all animals may be typed, in certain situations there may be uncertainty concerning the marker alleles transmitted by the sire and dam to the offspring. With a single marker locus this may only arise if the sire, dam and offspring are heterozygous and have the same two marker alleles. With flanking markers uncertainty may arise in three situations.
(a) If the sire, dam and offspring are double heterozygotes and have the same four alleles. This is the only situation in which the linkage phase of markers for the offspring is also unknown.
(b) If the sire and dam are double heterozygotes with four marker alleles in common and the offspring is homozygous at one marker locus and heterozygous at the other.
(c) If the sire and dam have three different alleles in common and each of the offspring's four alleles are the same as one of these three and if the offspring is homozygous at one locus and heterozygous at the other.
For a single marker locus Bink & Van Arendonk (1994) suggest that, due to situations of uncertainty, the method of Wang et al. (1991) , although more complicated, is preferred. Whereas Fernando & Grossman (1989) label the two QTL alleles according to parental origin, Wang et al. (1991) consider that the first QTL allele is linked to one marker allele and that the second QTL allele is linked to the second marker allele. Extension of Wang et al. (1991) to flanking markers should be quite straightforward for situations where the marker linkage phase is known (i.e. (b) and (c)). However, there are problems in dealing with situation (a), where the offspring has four possible marker haplotypes.
Instead, we maintain the distinction between QTL alleles based on parental origin and suggest an approximation for the calculation of probability of origin of QTL alleles in situations of uncertainty. The general algorithm can be presented in a Bayesian setting, with the repeated use of conditional probabilities. The approximation works as follows. In all situations, we know that an individual / receives Qf from its sire and Qf from its dam. In situations of uncertainty, we consider all the possible pathways by which i could have received its markers from its sire and dam. For each pathway, Of and Of are calculated (following the rules of Table 1 ) and then weighted by he probability of occurrence of each pathway to give the final values.
If / then becomes a parent in the next generation there is a probability c t that Qf is associated with the first marker haplotype and Qf with the second marker haplotype and a probability 1 -c, that Qf is associated with the second marker haplotype and Qf with the first. If i is the offspring of sire s and c s has a value 0-5 (i.e. there is an equal probability that Q v t could be on either one of the sire's chromosomes) then Of is 0-5, regardless of the markers received. For an offspring i in situation (a) it is not necessary to go through these calculations as Of, Of and c ( are all 0-5. Expressing the algorithm in algebraic form, we say that for an individual i, T ( represents the raw marker data, h t represents any one of the four possible arrangements of these markers and H i is the true arrangement. Then,
6f = S S 2 W\H ( = h t , H s = h., H d = h d )

Pr(H t = h t , H $ = h,, H a = h d \T t , T s , T d , Tf, T*)
and the second term simplifies to
Pr(H t = h t \ T ( , h s , h d ) PT(H S = h.\ T t , Tf)
where Tf and 7£ represent marker data from the parents and grandparents of the sire and dam respectively. To calculate df replace df with df in the above equations. An example is given in the Appendix which shows that these elements are calculated by first checking for uncertain transmission of marker haplotypes, by calculating the probability and df value associated with each possible pathway of transmission (if uncertainty exists) and by then weighting the df values by their respective probabilities.
The values of df and df, once calculated, are then used to construct the non-zero elements of the G' 1 matrix, following the rules of Fernando & Grossman (1989) except that, as an approximation, inbreeding coefficients of parents based on pedigree information are used in the equations. These coefficients are calculated anyway and we thus avoid building up the G v matrix.
(v) Schemes simulated
Three population sizes with three different heritability values are simulated. Eight sires and 16, 32 or 64 dams are selected. Each dam produces four sons and four daughters so that the total number of candidates per generation is 128, 256 or 512 and the proportion of males selected is 1/8, 1/16 or 1/32 respectively. The proportion of females selected is 1/4 for all schemes. As the number of dams is raised from 16 to 64, the number of half sibs per candidate increases from 8 to 56.
The QTL, polygenic and genetic variances are 00625,0-4375 and 0-5 respectively. The environmental variance has a value of 0-5, 1-5 or 4-5 giving corresponding heritability values of 05, 0-25 or 0-1. The map distance (x) between the QTL and either of the marker loci is 10 cM. This value is used because low resolution linkage maps with markers spaced about 20 cM apart exist already for cattle and pigs and will soon be available for sheep and chickens (Beattie, 1994) .
In secondary simulations, the implications of altering the map distance between the QTL and the markers or the size of the QTL effect were examined. For the first factor, x was reduced to 2 cM. For the second factor, while keeping the genetic variance constant at 0-5 and x at 10 cM, the QTL variance was increased to 0-125 and the polygenic variance reduced to 0-375. For both factors, schemes with eight sires and 16, 32 and 64 dams were simulated.
Schemes with MAS were replicated 70-950 times (average 220) and with conventional BLUP 500-4000 times (average 1830). Genetic evaluation was more time-consuming with MAS, so fewer replicates were possible. For both models, bigger schemes were replicated less often. Table 3 shows the relative efficiency of MAS compared to conventional BLUP. For all situations examined, MAS yields greater response at the QTL. This superiority is especially pronounced when heritabilities are low-from 4 to 54% with h 2 of 0-1 (compared with 4-21 % superiority with h 2 of 0-5). On the other hand, in almost all situations and all generations the polygenic response is lower with MAS (up to 4 %). Putting these two effects together, MAS, in general, achieves higher rates of genetic progress than conventional BLUP, especially when heritabilities are low. However, in most cases the superiority is relatively small.
Results
(i) Main simulations
Examination of the accuracies of selection (defined as the correlation between true and estimated breeding values) in Table 4 shows that, in general, MAS is not more efficient at evaluating and ranking the selection candidates than conventional BLUP at generation one; that it tends to be most efficient at generations two and three (1-9% more accurate) and that this superiority tends to decline in later generations. With low heritabilities, the relative accuracy of selection from MAS is greatest.
Inbreeding coefficients were calculated in two different ways -from the proportion of individuals with two QTL alleles that are identical by descent or from pedigree information and the relationship matrix. The latter expresses the probability that an individual contains two alleles that are identical by descent at a locus neutral with respect to the character under selection. Inbreeding rates were calculated with AF=(F t -F t _ l )/(l-fy (Falconer, 1989) , where F t is the inbreeding coefficient at generation t. Results are presented in Table 5 .
The table shows that as schemes get bigger and h 2 increases, inbreeding rates are progressively reduced. Secondly, in a selected population the rate of inbreeding is higher for loci affecting the selected trait than for neutral loci. Thirdly, compared to conventional BLUP, MAS has no effect on inbreeding at neutral loci but it substantially increases (by 10-40%) inbreeding rates at the QTL, especially with low heritability values.
-(ii) Secondary simulations Table 6 shows that the impact of reducing the distance between the QTL and the markers depends on the heritability of the trait of interest. With a heritability of 0-5, QTL response is increased by up to 17% when the markers are 2 cM from the QTL instead of 10 cM. However, the increase in QTL response is accom- panied by a slight reduction in polygenic response so that overall, genetic response is increased by only 0-1-7% (16 dams), by 0-4-1-4% (32 dams) and has no positive effect with 64 dams selected. On the other hand, with a heritability of 01, the reduction in marker-QTL distance from 10 to 2 cm yields a far greater increase in QTL response (up to 95 %) which, despite the fact that the polygenic response is again reduced (by 0-9%), results in the genetic response being raised by up to 8%. Compared with conventional BLUP, this represents a 0-10% improvement in genetic gain. Table 7 shows that when the size of QTL effect is increased, the QTL response from MAS is still higher than that of conventional BLUP, but the superiority is less pronounced -thus suggesting that conventional BLUP is a relatively efficient tool for fixing QTL alleles of large effect. Polygenic responses are, however, about 5% lower with MA.S when the QTL accounts for 25 % of the genetic variance so that the Table 6 Table 3 i.e. where the marker-QTL distance is 10 cM. Similar results (not shown) are also found with heritabilities of 0 1 .
. Effect of distance between QTL and markers on cumulative selection responses-QTL (A V) and genetic (AG) -for MAS
Generation
Discussion
Results presented here show that, with respect to response at the QTL, MAS works since it is far more efficient than conventional BLUP. For all schemes simulated and for all generations, the cumulative QTL response was superior. This was particularly the case when the heritability was low. In this situation, the contribution of the candidate's own phenotype to its estimated breeding value is reduced and marker information has a greater relative importance, as suggested by Lande & Thompson (1990) . If, for reasons such as line breeding, fixation of the favourable allele was a primary goal of the selection programme, MAS would be preferable to conventional BLUP. In addition, fixation could be accelerated by putting more weight on the estimated QTL effects and less on the estimated polygenic effects. Another point of interest is that the frequency of the favourable allele in the base generation was 0-5. Both MAS and conventional BLUP succeeded in fixing the allele and the differences in QTL responses reflected differences in fixation rates. If the favourable allele was present at a lower frequency, MAS might be even more efficient since, with the use of markers, the probability of losing the favourable allele due to drift should be lower than with conventional BLUP.
On the other hand, it is worth recalling that in many ways conditions in this study were highly favourable for the success of MAS. All animals were typed for two very highly polymorphic marker loci flanking the QTL while the linkage phase of markers for all founder animals was assumed known as well as the recombination rate between the QTL and the markers. The proportion of the genetic variance explained by the QTL and the additive nature of the genes controlling the trait of interest were also known. If any of these assumptions are modified, the QTL response could be considerably reduced.
In the simulated populations considered here, some assumptions of the Fernando & Grossman (1989) model are violated. Firstly, it assumes a covariance of zero between the QTL and polygenic effects which, although true at generation one, is later invalid due to gametic phase disequilibrium induced by selection. Secondly, to develop their rules for calculating the elements of the inverse of the variance covariance matrix of QTL allelic effects, they assume that the QTL allelic variance is constant from one generation to the next (whereas it changes due to selection and inbreeding). Thirdly, it assumes a normal distribution of QTL effects, thus indicating that the number of QTL alleles is large whereas in this study a biallelic QTL was considered. Simulated results show, however, that the model can successfully identify animals For both models the proportion of males and females selected is 3.13 and 2 5 % respectively and the heritability is 0-5. The frequencies, average polygenic values and QTL values of the AA, AB and BB genotypes (A represents the favourable allele) as well as the weighted polygenic and QTL means are given. with superior QTL values and that, despite apparent weaknesses of the model, it is relatively robust.
The increased QTL response achieved by MAS compared to conventional BLUP is however accompanied by a reduced polygenic response so that (apart from results in Table 6 ) the effect of MAS on the total genetic response is relatively small (especially considering the cost and effort involved in typing the animals). This is observed right from the first generation of selection. How can we explain that the polygenic response is lower with MAS? One factor which certainly plays a role is the negative covariances generated between QTL and polygenic effects as a consequence of selection (Bulmer, 1971) . This gametic phase disequilibrium is demonstrated in Table 8 for a specific example. For both MAS and conventional BLUP, selected animals of genotype AA tend to have low polygenic values while BB animals tend to have high polygenic values (otherwise they would not have been selected).
We might envisage then that MAS, which leads to increased QTL responses, might also yield lower polygenic responses than conventional BLUP as a direct result of gametic phase disequilibrium. How-ever, this does not seem to be the case. Detailed examination of the genotype frequencies and withingenotype polygenic means of selected animals indicates that the intensities or accuracies of selection of polygenic effects must be lower with MAS than with conventional BLUP. Confirming this is not straightforward since conventional BLUP provides estimates of breeding values only and not of QTL or polygenic effects individually. Nevertheless, we can measure the correlations between QTL or polygenic effects with estimated breeding values (EBVs) for both models (Table 9 ) and these show very clearly that QTL effects are more accurately evaluated and that polygenic effects are less accurately measured with MAS than with conventional BLUP. In passing, it is also interesting to note that whereas the accuracy of selection of polygenic effects falls substantially from generations one to two it changes relatively little for QTL effects, with the result that the precision with which QTL effects are estimated (and hence the resulting QTL response achieved - Table 3 ) is much higher for MAS compared with conventional BLUP at generations two and three than at generation one.
Thus, in conclusion it seems that the principal reason for MAS yielding lower polygenic responses is that the polygenic effects are evaluated less accurately than with conventional BLUP. The reduced precision of polygenic effects is not due to gametic phase disequilibrium since it is found even when evaluating the candidates for selection at generation one, which are bred by founders chosen at random. Instead, by examining the three components of the polygenic accuracy of selection, the reduction seems to be due to reduced covariances between polygenic effects and EBVs, which probably stem from statistical considerations such as higher error variances of estimated polygenic effects with MAS.
Our findings were validated using a simple deterministic prediction model in which each of the unrelated candidates for selection is evaluated using performance data of the candidate, of its parents, of the mates of its sire (a hierarchical mating design is used) and of the average performance of full and half sib groups. These groups are further subdivided into four subgroups based on the pairwise values of 0f (which may be 0-99 or 001) and 0 f m (which may be 0-99 or 001) of the animals. Weights were calculated according to selection index theory assuming either a conventional polygenic model or a model including a single QTL with normally distributed effects (Lande, 1975) , an assumption implicit in the model of Fernando & Grossman (1989) . Responses were calculated assuming the QTL model was true.
Results for generation one from the deterministic model with a population of eight sires and 16 dams show that the variances of EBVs are 01 and 5-2% higher with MAS compared with conventional BLUP with heritabilities of 0-5 and 0-1 respectively. This increase is due to greater covariances between EBVs and QTL values (59 and 58 % higher respectively) and not due to covariances between EBVs and polygenic values (which in fact decrease by 4-1 and 1-1% respectively). Therefore, the predicted polygenic response, which is proportional to the covariance between EBVs and polygenic values divided by the standard deviation of the distribution of EBVs, is reduced. The agreement between deterministic and simulated results suggests that the findings from simulation concerning polygenic responses are not linked to the fact that a non-normal distribution of QTL effects was used in the simulations. Indeed, using normally distributed QTL effects for the deterministic model accentuated our findings -MAS, compared with conventional selection, was even more efficient for QTL response and even less efficient for polygenic response.
The relative selection responses (Table 3 ) and accuracies of selection (Table 4 ) from MAS compared with conventional BLUP are not constant over time. In general, they reach a maximum at generations 2 and 3 and tend to decline thereafter. This can be explained by the fact that, with each cycle of selection, the favourable allele moves closer to fixation. With MAS, the relative accuracy of selection declines over time because errors in estimating the probability of origin of QTL alleles accumulate and because marker information is used to estimate QTL differences which, eventually, do not actually exist. This is best illustrated by the situation where the QTL accounts for 25 % of the total genetic variance (Table 7) . Here, the favourable allele reaches a frequency of about 0-95 after three generations of selection and consequently, the selection response from generation four onwards is actually inferior to conventional BLUP. These results concerning the effect of time on selection responses echo to a certain degree those of Gibson (1994) who, in the situation where the QTL genotype is known with certainty, found that, compared to ignoring QTL information, genetic gain using the genotypes was greater in the short term but lower in the long term.
Simulated results presented here confirm the conclusion of Lande & Thompson (1990) that MAS may be most useful when the heritability of the trait of interest is low. Results in Table 3 for the situation where the distance between flanking markers is 20 cM suggest that this is true. Results in Table 6 demonstrate this even more clearly by showing that by reducing the distance between flanking markers to 4 cM there is only a minor effect on genetic response when the heritability is 0-5 whereas it increases genetic response substantially when the heritability is 01. These findings emphasize that MAS may be of considerable use for lowly heritable traits and that, once QTLs for such characters have been identified the search for closely linked marked should be intensified, as proposed by .
In developing the methodology for evaluating candidates for MAS it was assumed that the calculation of the probability of origin of QTL alleles was conditiond only on marker information. This reduces the efficiency of MAS. Furthermore, when inferences are made using marker data alone, the probabilities of origin of QTL alleles for the animals selected are no longer correct. Repeated errors of this kind over successive generations affect the system of equations for the Fernando & Grossman (1989) model and thus reduce the efficiency of MAS. Accounting for performance would improve evaluation but the relevant theory remains to be worked out and is beyond the scope of this paper.
An approximation for the calculation of the probability of origin of QTL alleles under conditions of uncertain transmission of marker alleles was used in this study. What effect did it have on our results? Because the number of unique marker alleles is twice the number of founder animals, the problem of uncertainty is greatest when 16 dams are selected. Since each founder has unique marker alleles, the first cases of uncertainty arise in generation two. From simulation, the proportion of'uncertain' animals was calculated and was found to represent on average about 3 and 4% of animals per generation from generations two to six with heritabilities of 0-5 and 0-1 respectively. The effect on genetic response was investigated by assuming that no uncertainty exists and by correctly assigning the markers received from the sire and from the dam for 'uncertain' animals. Response per generation was found to be changed by no more than 0-3% so we can safely conclude that uncertain transmission of marker haplotypes had no effect on the results presented here.
It should be emphasized that, based on this study, no inferences may be made about the efficiency of MAS if the QTL shows dominance. BLUP animal models accounting for marker information in such situations have yet to be developed and, to evaluate their efficiency once developed, results should be compared with conventional BLUP animal models which include dominance effects (e.g. De Boer & Hoeschele, 1993) .
In a deterministic comparison of dairy cattle breeding schemes, Meuwissen & Van Arendonk (1992) found that the use of MAS did not alter the standard deviation of genetic gain and thus concluded that inbreeding rates are not much affected by MAS. In this study the standard deviation of response for MAS (results not shown) was similar to that of conventional BLUP. Table 5 shows, however, that the conclusion of Meuwissen & Van Arendonk (1992) is valid only when loci independent of the character under selection are considered. Inbreeding rates at neutral loci remained relatively constant but, at the QTL, they were 10-40% higher with MAS than with conventional BLUP. Inbreeding rates for conventional BLUP were 9-24% higher at the QTL than for neutral loci. For MAS, since more selection pressure was applied to the QTL, inbreeding rates were 36-63 % higher at the QTL than for neutral loci.
This study shows that the application of MAS is not as easy or straightforward as we might have expected. However, in the schemes examined, all animals of both sexes were recorded for the character of interest. Further investigations should concentrate on those situations where MAS is likely to provide additional advantages, as proposed by Zhang & Smith (1993) , such as the evaluation of animals before they express the character of interest or, in the case of sex-limited traits, the evaluation of animals that cannot be recorded. Preliminary results from the simple deterministic model mentioned earlier, for the situation where candidates have no performance data, support this conclusion.
Approximation to calculate the probabilities of origin of QTL alleles
To illustrate the method, df, d\ and 0™ are calculated for the following pedigree. The phase and origin of the marker haplotypes are assumed known for s, d and j so that H s = 5A/4A (indicating that the 5A and 4A marker haplotypes came from the sire and dam of 5 respectively), H d = 5B/4A and H } = 1C/2D respectively. Note that 1,2,4 and 5 represent marker alleles at the M locus and A, B, C and D are alleles at the N locus. ( ) and 0-5 respectively. With r equal to 01 these have values 00122, 0-5, 0-9878 and 0-5.
(iii) Weighted df. Now, weight df for each path by the probability of occurrence of that path i.e. Of = (0-6724) (0-0122)+ (01476) (0-5)+ (0-1476) (0-9878) + (00324) (0-5) = 0-244. Note that similar computations must also be done for df. In this situation, there is certainty that k received the haplotype 4A from its sire / and 1C from its damy. Thus H k = 4A/1C. The phase of the markers is known with certainty for its dam but not for its sire. Its sire / is 5A/4A if S l D 2 or S 3 D 2 occurred 83 (probability = 0-6724+ 01476 = 082) and 4A/5A if S 2 D 3 or S 4 D 3 occurred (probability = 018). The value of 61 is thus 0-82 (1 -r ) + 0-18 (r) = 0-756.
There is no uncertainty regarding the marker phase ofy so 0™, from Table 1 , has a value r 2 /(l -2 r + 2r
